We present the results of our lattice QCD study of the gD * Dπ coupling, relevant to the D * → Dπ decay. Our computation is made on the gauge field configurations that include N f = 2 dynamical light quarks by using the twisted mass QCD action. From the results obtained at four different lattice spacings we were able to take for the first time the continuum limit of this quantity computed on the lattice. Our final value, gc = 0.53(3)(3), leads to Γ(D * + → D 0 π + ) = (50 ± 5 ± 6) keV, and is in good agreement with the experimental results for the width of the charged D * -meson.
I. INTRODUCTION
The result of the first experimental measurement of the width of the charged vector D-meson, Γ(D * + ) = 96 ± 22 keV [1] , was a surprise because many theoretical predictions of the relevant hadronic coupling, g D * Dπ , suggested much smaller (by about a factor of 3 ÷ 4) value for Γ(D * + ). An important novelty this year is that the value of Γ(D * + ) measured at CLEO, has been confirmed and made much more accurate by the BaBar collaboration, Γ(D * + ) = (83.5 ± 1.7 ± 1.2) keV [2] . Prior to the CLEO result, the QCD based theoretical estimates of g D * Dπ , were made by means of various QCD sum rules (QSR). The results of different QSR techniques were converging to a small value of g D * Dπ [3] [4] [5] , the size of which was challenged in ref. [6] where it was argued that it should be by about a factor of two larger in order to avoid a paradox of non-saturation of the Adler-Weisberger sum rule, which is reasonably well saturated by the first couple of states in the case of baryons and light mesons. As far as the lattice QCD computations of this coupling are concerned, there have been quite a few results reported in the static heavy quark limit (m c → ∞) [7, 8] , while only a few calculations have been reported for the case of propagating charm quark [9, 10, 13] .
1 The first such a computation was performed in quenched approximation in ref. [9] , where the strategy to compute g D * Dπ has been discussed in detail. It is based on the use of the LSZ reduction formula and the axial Ward identity, so that g D * Dπ can be extracted from the computation of the matrix element of the light quark axial current, sandwiched by the D * and D states. The resulting g D * Dπ , obtained from the quenched lattice QCD study (N f = 0), was large as anticipated in [6] and compatible with the CLEO measurement of Γ(D * + ). That study has then been extended to the unquenched case, i.e. by including the effect of N f = 2 dynamical quark flavors in the QCD vacuum fluctuations [10] . Despite the fact that the O(a)-improved Wilson quark action was used, the results were obtained for relatively large pion masses and with a rather poor statistics at two lattice spacings so that the continuum extrapolation was not feasible. In this paper we provide the first result of the unquenched computation of g D * Dπ by using twisted mass QCD on the lattice [11, 12] , with N f = 2 dynamical light quarks, and at four different lattice spacings. Moreover, our computation is made by using considerably lower pion masses than in ref. [10] . Thanks to the high statistics of the ensembles of gauge field configurations that we had at our disposal we were able to make the continuum extrapolation and obtain the physically relevant value of g D * Dπ in the continuum limit. As we shall see, with respect to the previous kinematically forbidden.
lattice estimates, our g D * Dπ coupling is somewhat smaller, but still much larger than the predictions based on using the QSR techniques. While this paper was in writing, an estimate of g D * Dπ at a single value of the lattice spacing with N f = 2 + 1 dynamical O(a)-improved Wilson quarks was made in ref. [13] which agrees very well with our results in the continuum.
The remainder of this paper is organized as follows: we first, in Sec. II define the quantities to compute and specify the correlation functions that are needed for their extraction; we then in Sec. III illustrate the quality of the signals obtained from the correlation functions on our lattices and present our results obtained for each of the lattice set-ups; in Sec. IV we discuss the chiral extrapolations and compare our result with the other results existing in the literature; finally we conclude in Sec. V.
II. DEFINITIONS
The coupling g D * Dπ describes the emission of the soft P -wave pion off the D * meson, i.e. it is defined via the following matrix element
where q = p − k is the pion momentum and λ labels the polarization state of the vector meson. The decay rate of this process is given by
where C = 1 if the outgoing pion is charged, and C = 1/2 if it is neutral, and
where
, which numerically gives | k π − | = 39.4 MeV and | k π 0 | = 38.3 MeV, i.e. the pion remains very soft. Due to T -symmetry and Lorentz invariance, the same expression applies to the pion absorption, i.e. to Dπ → D * process. To compute g D * Dπ we follow the procedure proposed in refs. [7, 9] , and compute the matrix element of the axial current,
where A 0,1,2 (q 2 ) are three independent Lorentz invariant form factors. For q 2 close to m 2 π the reduction formula leads to
which for q 2 = 0 gives,
Since the form factor A 0 (q 2 ) is dominated by pion (J P = 0 − ) in the t-channel, it strongly varies with q 2 , as well as with the light quark mass when considering the problem for the practical lattice QCD calculation. However, since no massless state can couple to the axial current, one has (7) so that eq. (6) becomes
The last expression is suitable for numerical computations on the lattice. It reduces to the calculation of the following correlation functions
where the interpolating source operators V µ and P 5 are placed far from each other at t = 0 and t = t S , and create the D * -and D-meson states, respectively, at t such that 0 ≪ t ≪ t S . The simplest choice are the local interpolating operators, V µ =cγ µ u and P 5 =cγ 5 d. Note also that q should be chosen in such a way that the form factors are computed at q 2 = 0, as needed in eq. (8) . If the vector meson is kept at rest, that means that the desired three-momentum should be tuned to
which is too small a value to be accommodated on the periodic lattices explored in the current numerical simulations. To remedy this difficulty one of the quark propagators, S q (x, 0; U ) ≡ q(x)q(0) , can be computed in the rephased gauge field configuration,
where θ µ = (0, θ), and L is the size of the spatial side of the cubic box. The propagator
is equivalent to imposing the twisted boundary conditions on one of the valence quarks in the considered correlation function [14, 15] (see also ref. [16] ). Importantly, however, θ 0 in θ = (θ 0 , θ 0 , θ 0 ) can be tuned to any value, and therefore also to
which ensures the extraction of the form factors at q 2 = 0. For such a tuned θ 0 , and by using the local interpolating field operators, the correlation function (9) reads,
which is very close to what we actually computed on the lattice.
2 To relate the above correlation function to the relevant form factors we note that
at large time separations among operators, behaves as
where 0|P 5 |D = Z D , and 0|V i |D * = e λ i Z D * . In this way we get the first term in eq. (8) . To reach the second term within the brackets in (8) we proceed along the lines explained in ref. [10] and compute
2 As we shall see in Sec. III the difference with respect to eq. (14) is that in practice we use the extended (smeared) source operators.
so that at large separations among the operators, one gets
, and couplings, Z D ( * ) , are extracted from the study of the large time behavior of the two-point correlation functions, namely
where T stands for the size of the temporal extension of the lattice. Note that in eq. (19) we used the symmetry of the correlation functions with respect to t ↔ T − t.
III. LATTICES USED IN THIS WORK
Results presented in this work are obtained by using the gauge field configurations generated by the European Twisted Mass Collaboration (ETMC) [17] , by simulating the twisted mass QCD on the lattice at the maximal twist [12] . N f = 2 dynamical light quarks have been included in the simulations. In tab. I we collect the main information concerning the lattices used in this work. At each lattice spacing, simulations have been made with several values of the sea quark mass µ sea , covering the range of the associated pion masses m π ∈ (280, 500) MeV [18] . Concerning the charm quark mass, its value has been discussed in great detail in ref. [18] and it is fixed by requiring the agreement between the charmed hadron masses (D, D s and η c mesons) computed on the lattice with their experimentally established values.
Our first task was to compute the two-point functions (19) and extract the accurate values of the masses of D q and D * q mesons which are necessary for determination of θ 0 in eq. (13) . 3 In the computation of the two-point functions (19) we used 3 Index "q" in D ( * ) q labels the light valence quark, which in source operators composed of local quark fields ψ or smeared ones ψ ng . We choose the gaussian smearing defined via:
where H is the smearing operator defined as [19] H
with U na i,µ being the n a times APE smeared link [20] , defined in terms of (n a − 1) times smeared link U (na−1) i,µ and its surrounding staples
For the smearing parameters we choose:
which we kept fixed for all of our lattices. In our calculation the quark propagators are computed by using stochastic sources, and the correlation function are obtained taking advantage of the so called one-end trick [17] . Furthermore, to improve the statistical quality of our results, we use up to eight different spatial sources. The full list of results is presented in tab. II where we give our values for m Dq and m D * q that are totally consistent with our previous findings presented in ref. [23] and obtained by using the single source propagators. Once we have the meson masses we fix the value of θ 0 according to eq. (13), and then compute the light quark propagator with twisted boundary conditions (12) , which is needed to evaluate the three-point functions (14) .
Instead of the coupling g D * Dπ , it is often convenient to define g c which is related to g D * Dπ via
with the convention that corresponds to f π = 130.41(3)(20)MeV [24] . On the basis of heavy quark expansion the coupling g c is expected to scale as a constant up to corrections proportional to the powers of the inverse heavy quark (meson) mass. In our case, we work with the propagating heavy charm quark, which is why we added an index "c" our computations is always kept degenerate in mass with the sea quark.
to avoid ambiguities when comparing g c computed here with the values obtained in the static limit [8] . After combining eq. (8) with (24) we have
where G (′) (0) are introduced for shortness. The values of the momenta tuned in the twisted boundary conditions (13) are very small and by computing G ′ (0) by using eq. (18) its value is consistent with zero for all our lattices. The leading term, G(0), instead is extracted accurately from the correlation functions (15) . In fig. 1 we illustrate the plateaus obtained at all of our four lattice spacings and for one value of the sea quark mass. Illustrated is the ratio
Corresponding values of g c are given in tab. II for all of our lattice set-ups. Fits are made on the plateaus corresponding to t β ∈ [8, 14] 3.9 , [11, 14] 4.05 , [15, 18] 4.2 , in an obvious notation. Those plateaus are chosen to be common to all sea quark mass values considered at a given lattice spacing.
We reiterate that in our computations the sea and the valence light quarks are always kept degenerate in mass, and the corresponding m π L 4 is kept large to make the finite volume effects small. From the simulations made at β = 3.9 with µ q = 0.004 we were able to verify that the finite volume effects for g c are indeed small by comparing its values obtained on the 24
3 × 48 and on the 32 3 × 64 lattices. Within the given accuracy they are completely consistent and the finite volume effects are neglected in what follows.
Finally we should also mention that the renormalization factors of the axial current, Z A (g 2 0 ), have been properly accounted for in our computation. Their values have been computed nonperturbatively in refs. [18, 21] and, for convenience, they are also given in tab. I of the present paper.
IV. PHYSICAL RESULTS AND PHENOMENOLOGY

A. Getting to the physical value for gc
The values of the coupling g c , obtained with unphysical light quark masses from our lattices, should now be related to the physically relevant coupling g c . To do so we will make the continuum and the chiral extrapolations simultaneously by employing three different chiral extrapolation formulas. Concerning the continuum extrapolation we will rely on the simple linear extrapolation in a 2 , which turns out to be adequate for describing our data. Concerning the chiral extrapolation we will use the simple linear extrapolation in the light quark mass (or, equivalently, in the pion mass squared), and the two formulas that include the chiral logarithmic corrections. In other words we will use:
• Linear extrapolation:
where on the left hand side are the values we obtain on our lattices for a given light quark mass (pion mass), in which the valence and sea quark mass are the same. On the right hand side, g 0 stands for the same coupling obtained in the chiral limit, and α is the slope parameter. Notice also that we divide a 2 by the value of the lattice spacing obtained at β = 3.9, so that the β parameter is a measure of the deviation of our continuum result form the values obtained at a = 0.085(3) fm.
• Chiral Perturbation Theory (ChPT-I):
is the formula that has been derived many times in the heavy meson chiral perturbation theory (HMChPT) [25] , an effective theory constructed from the combined heavy quark symmetry with the spontaneous chiral symmetry breaking pattern in order to describe the mesons consisting of heavy and light quarks [26, 27] . The above formula (28) is obtained at the next-to-leading order in chiral expansion and to the leading order in the heavy quark expansion (i.e. in the static limit of QCD). Although we are working with the charm heavy quark, for which the above formula is not fully adequate, we will use it as a way to guide our extrapolation to the physical coupling g c . The constant f in the above formula stands for the pion decay constant in the chiral limit, which we take to be f = 120 MeV. In fig. 2 we show the result of extrapolation guided by eq. (28) . For the light quark mass we use the definition m MS q (2 GeV) in the same way it was defined (renormalized) in ref. [18] . As usual, m • Chiral Perturbation Theory (ChPT-II):
was derived in ref. [27] where it was noted that the expression (28) current. In principle, our formula (6) is related to the pion field directly. However, as we mentioned in Sec. III, our result is completely dominated by the axial form factor A 1 (0), and therefore the formula (29) , which differs from (28) by the vertex tadpole diagram, should be used in chiral extrapolation too. Notice that in both eqs. (28, 29) the µ-dependence of the log term and of the counter-term coefficient α are not written explicitly as they cancel in the sum. Notice also that the expressions in eqs. (28, 29) refer to a theory with N f = 2 flavors, based on the spontaneous chiral symmetry breaking
We stress again that the above expressions are derived in the static heavy quark limit. It is not clear to what extent the chiral logarithmic corrections are relevant in describing the light quark dependence of the heavy-light hadronic quantities, and it is even less clear whether or not the above expressions could be applied to the case of mesons with (not so heavy) charm quark. In other words, none of the above formulas is exactly applicable to our situation and we will use all of them. The spread of results associated with each of the formulas (27, 28, 29) could then be used to estimate the systematic uncertainty due to the chiral extrapolation. Note however that the results of refs. [28] suggest that the chiral logarithmic behavior of the gcoupling remains unaltered after including the leading power corrections. That error will leave enough room for the future improvement of g c (i.e. of g D * Dπ ) computed on the lattice.
In more detail, from the fit of our data to the above formulas we obtain:
ChPT − II
= 0.500(24) .
As our final result we quote
where the errors refer to the last digit. The first error is statistical and is to be understood as gaussian, while the second one is uniform and accounts for the spread of values obtained by using various fit procedures to reach the physical limit.
B. Phenomenology
The above coupling (33) can now be cast into the form in which it is usually discussed in phenomenology by using eq. (24) . We obtain,
which then leads us to our estimate for the decay width (2), namely,
The width of the charged D * -meson can be calculated as
as these are the only kinematically available decay channels. The last mode, in particular, is a tiny fraction of the full decay width and is known experimentally, B(D * + → D + γ) = 0.016(4) [24] , so that by using our value for g c we finally have
which agrees favorably with the experimental values, Γ(D * + ) CLEO = 96 ± 22 keV [1] , and Γ(D * + ) BaBar = (83.5 ± 1.7 ± 1.2) keV [2] . Furthermore, we can make a prediction of the width of the neutral D * meson,
if we use the experimental information B(D * 0 → D 0 γ) = 0.381(29) [24] . Knowing that D * 0 → D − π + is kinematically forbidden, and assuming the isospin symmetry to relate our g c to the decay to a neutral pion, we obtain
where | k ′ π 0 | = 42.3 MeV, and the prime is used to distinguish this case, in which all mesons are neutral. Our result (39) is much smaller than the relatively old experimental bound, Γ(D * 0 ) < 2.1 MeV [29] .
C. Comparison with results available in the literature
To compare our result (33) with the existing experimental ones we use the expression (36) and from the width reported by CLEO [1] we obtain g c = 0.60 (6) . From the new BaBar result [2] , instead, we get g c = 0.56 (1) . The lattice QCD results reported so far were obtained by using the O(a)-improved Wilson quarks at single lattice spacing. The result obtained in the quenched approximation, g c = 0.67(8)( +4 −6 ) [9] , was later confirmed in the unquenched study with N f = 2 dynamical light flavors, at nearly the same value of the lattice spacing, g c = 0.66(11) [10] . At a slightly finer lattice, g c = 0.71(7) was obtained [10] . However, all these results were obtained by working directly with large pion masses. Very recently the result of the lattice QCD study with O(a)-improved Wilson quarks and with N f = 2+1 dynamical light flavors was reported in ref. [13] . Although working at the single lattice spacing the direct computations were made for a broad range of pion masses down to 300 MeV. The authors fit their result linearly and quadratically to extrapolate to the physical pion mass, without relying on the expressions derived in HMChPT. Their final result, g c = 0.55(6), agrees well with ours, as well as with the experimental ones. Current situation concerning the estimate of g c is shown in fig. 4 , where we observe a large difference with respect to the results obtained by using QSR. Ways to remedy this difficulty have been proposed in the literature [30] but a real reason for this failure has not been fully understood. Here we only focused on the computations closely related to QCD. A number of results based on quark model calculations have been reported in the literature too. For an exhaustive list of references see [6, 31] . Extracting this coupling from the residuum of the semileptonic form factor was shown to be very difficult because the relevant D → π, B → π, or D → K semileptonic form factor is a strongly varying functions at large q 2 -region and the extraction of g c (or g b ) significantly depends on the parameterization used to describe the q 2 -dependence of the form factor [32, 33] .
V. SUMMARY AND PERSPECTIVES
In this paper we report on the first lattice QCD result for the g D * Dπ coupling obtained in the continuum limit. By using twisted mass QCD on the lattice at four different lattice spacings and by working with N f = 2 dynamical light quark flavors, we were able to compute this coupling for several values of the pion mass, covering the range between 280 MeV and 500 MeV. Our final value is ref. [1] this work ref. [13] ref. [10] ref. [10] ref. [9] ref. [5] ref.
[4] where we symmetrized the second error bar. That value leads to the theoretical prediction of
Our value is consistent with the result for g c (or g D * + D 0 π + ) extracted from the experimentally measured width of the charged vector meson, Γ(D * ± ), after using the isospin symmetry to relate the decays to a charged and to a neutral pion in the final state. Furthermore, we were able to predict Γ(D * 0 ) = (53 ± 5 ± 7) keV. The second error in all of the above results reflects our estimate of the uncertainty arising from the chiral extrapolation, i.e. the way one can relate the coupling g c directly computed on the lattice to the one corresponding to the physical pion mass. That error can be reduced in a new generation of lattice QCD simulations performed closer to the realistic physical situation, namely the lighter pions and by including the effect of N f = 2+1+1 dynamical quarks in the QCD gauge field configurations. [GeV] , and gc is dimensionless.
